bitumen is highly dependent on the temperature under various (non-) isothermal conditions.
54
Also, the polymerization rate should be considered through all the material curing processes 55 to avoid unwanted variations in the mechanical properties.
56 57
INTRODUCTION
Initially, epoxy resins were added in bituminous binders to minimize the thermal susceptibility and permanent deformation of asphalt concrete mixes since the thermoset 110 nature of epoxies results in excellent rut resistant binders. Later on, it was realized that the 111 polymeric structure of epoxy within the bituminous matrix enhanced the fatigue, moisture 112 and oxidative degradation resistance of bituminous mixes (1-6). These materials cannot be re-113 melted and their application in pavements has been predominantly for high-performance 114 solutions which does not need any special construction equipment. transported from the production plant to field (6). considered as an one-step n-th order reaction with negligible secondary reactions in this 190 study.
128

Hardening Agents Incorporation into Bituminous Binders
191
The exothermic polymerization reaction rate of an epoxy-bitumen blend is a temperature 
Governing Hardening Kinetics Equation
200
In polymerization process of epoxy modified bitumen, the kinetic model allows to predict 
where K(T) is a temperature-dependent parameter, which is described by an Arrhenius 206 equation, and f(α) is a function of conversion. Also, the shape of the f(α) shows the reaction 207 performance of system and is determined by the n-th order kinetics.
208
Therefore, the rate of change of hardening degree is described as :
211 where k 0 is the pre-exponential kinetic factor, E α is the activation energy or the energy 212 barrier to be overtaken to begin the reaction, R is the universal gas constant and n is the 213 reaction order upon the hardening mechanism. crosslinked molecules of epoxy within the bituminous matrix is given in Fig. 1(a) .
223
Governing Heat Transfer Equations
224
The governing equation of the transient heat conduction within the epoxy modified bitumen 225 is described by :
where ρ is the mass density of epoxy modified asphalt mastic, k denotes the thermal 229 conductivity, c p is the heat capacity, T is the temperature, Q represents the exothermic heat 230 source (kW/m 3 ). It is assumed that the convection and radiation heat do not have important 231 impact on the energy balance of the system.
232
Αs the resin turns into a networked microstructure and the epoxy modified bitumen 233 hardens, heat is released. The heat releasing rate is proportional to the consumption rate of 234 reactive elements in the epoxy binder. Assuming no heat flow, the volumetric heat source Q 235 accounts the exothermic hardening effect and is described by :
where ΔΗ exo is the exothermic reaction heat. The reaction rate gradients generated by the 239 temperature gradients affect the temperature profile in the hardening material. The 240 exothermic reaction diagram is shown in Fig. 1(b) .
242
Chemo-rheological Equation
243
The chemical hardening prediction of the epoxy modified bitumen was the ultimate scope of 244 this study. On molecular level, the viscosity of the epoxy-bitumen is affected by (i) the 245 increasing temperature, which increases molecular mobility, and (ii) the molecular size 
where α g is the extent of reaction at the gel point, T g (α) is the glass transition temperature of the glass transition temperature of many epoxy systems is defined using empirical 
Influence of Activation Energy and Reaction Parameters on Hardening Degree
319
To assess the influence of reaction kinetics on the hardening caused by epoxy polymerization 320 in bituminous binder, the activation energy, the hardening reaction order and the kinetic 
327
It is observed that activation energy has a strong impact on HD compared to the other 328 parameters (Fig. 5) , which can be explained by the influence on the polymerization higher epoxy percentages but lower activation energy levels.
Influence of Temperature and Reaction Extent on Viscosity Development under Isothermal Conditions
343
The duration at high temperatures of the blend from plant to field will affect the achieved 
349
Also, it should be pointed out that normally the reaction kinetics do not change during the 350 occurrence of gelation of epoxy-type blends.
351
The impact of kinetic factor on viscosity development is appeared in the isothermal 352 hardening curves of Fig. 6(a) showing that the highly reactive blends harden faster. Fig. 6(b) 353 demonstrates the influence of temperature on viscosity achieved after 120 min of hardening.
354
Increase in the predicted viscosity after 120 min hardening was achieved with increasing HD when the conditioning temperature was higher.
358
The trend above was also observed in previous practical studies (5). The epoxy modified 359 bituminous mixes were produced and compacted at a temperature range substantially lower 360 than for conventional HMA mixes resulting in a decrease of the material production energy 361 and reduction of carbon footprint of the whole pavement manufacturing chain. Therefore,
362
apart from the influence of physical reaction parameters, the rate of polymeric network 363 formation is also a function of temperature which assists in the speed of hardening activation 364 of epoxy in the bituminous matrix. Moreover, a similar trend was observed for α g , as a 365 material parameter linked with the gel point of epoxy, on building the viscosity of epoxy 366 modified binders (Fig. 6(b) ). For example, for all the predefined applied temperatures, the 367 achieved viscosity was higher when α g decreases from 0.9 to 0.3. As a result, if the 368 intermolecular interactions between the epoxy-bitumen components produce a composite 369 with lower value of hardening extent until the material gelation, then the initiation of 370 hardening can be caused with minimum energy demands and the material can be fully cured 371 at a higher rate.
372
In Fig. 7 , the influence of the constant n r is depicted showing the importance of this C/min step and the evolution of hardening degree under these applied heating rates is 387 presented in Fig. 8(a) . The rising temperature activates reaction between epoxy and 388 hardening agent forming polymeric chains quicker. However, it should be noted that high 389 heating rates can cause undesired temperature differences and irregularities in epoxy 390 chemical hardening. In Fig. 8(b shows the importance of gel reaction extent on material viscosity evolution.
411
In the near future, the proposed model will be verified through differential scanning 412 calorimetry (DSC) tests at (non-) isothermal conditions. All the reactions should be evaluated 413 to quantify the temperature dependence of kinetic parameters under different heating modes.
414
The glass transition of epoxy modified bituminous binders and their behaviour need to be 415 measured to plan sufficiently the field operations mainly because the manufacturing and the 416 delivering conditions of the mixes have direct impact on long-term pavement performance.
417
Once the DSC studies will be developed, they can be used to optimize performance-related 418 details of epoxy modified bituminous pavements design. 
